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THRBB-DIMB MfllONAL BRAIDED SOFT TIB8UB PBQBgffiBIB 
BACKGROUND OF TH E INVENTION 

The present invention relates to a braided soft 
tissue prosthesis and, more particularly, to a soft tissue 
prosthesis formed from a three-dimensional braided 
structure. 



10 



Vascular grafts are commonly used as soft tissue 
prostheses to replace damaged or diseased veins and 
arteries. To maximize the effectiveness of any prostheses 
it is desirable that it have characteristics which closely 
15 resemble that of the natural body lumen. 

One particular problem which is encountered is that 
of thrombosis. Thrombosis, or clotting, occurs when an 
individual's blood contacts a foreign body. As the blood 

20 begins to deposit platelets on the foreign body, a 

thrombus or blood clot forms. Historically, grafts having 
a relatively large diameter (greater than 10 mm) have 
generally proved successful over the long term because the 
build-up of thrombus that occurs on the interior surface 

25 of the graft is not sufficient to substantially obstruct 

the flow of blood. However, with respect to grafts having 
a diameter less than 10 mm, the build-up of thrombus on 
the interior surface of the graft can result in a complete 
obstruction of the graft in a relatively short period of 

30 time. 

Presently, conventional tubular prostheses and, more 
specifically, vascular grafts formed by weaving or 
knitting synthetic fibers into a tubular structures, are 
35 susceptible to kinking or collapsing under varying 

circumstances, e.g., when the graft is bent during the 
contraction of surrounding muscle, or when external 
pressure is applied to the graft. One conventional 
solution to these problems has focused on the 
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reinforcement of the walls of the vascular graft through 
the use of helically wrapped reinforcing fibers, 
reinforcing rings or bands placed externally around the 
tubular structure. The additional reinforcement of the 
tubular structure generally has the disadvantage of 
reducing the radial and/or longitudinal compliance of the 
graft due to the stiffness of the reinforcing member. A 
non-compliant graft may reduce the blood flow through the 
graft, thereby compromising the ability of the prosthesis 
to perform naturally. Additionally, the reinforcing 
member generally cannot be penetrated by cellular ingrowth 
from surrounding tissue and may cause the erosion of the 
surrounding tissue during contraction. 

Another important characteristic associated with soft 
tissue prostheses is that of porosity. Preferably, the 
exterior surface of the prosthesis should include pores 
which are large enough to allow for the entry of 
connective tissue into the outer periphery of the graft. 
Conversely, the inner surface of the prosthesis must have 
pores small enough so that the blood or body fluid passing 
through the prosthesis will not leak into the prosthesis. 
Smaller pores on the inner surface of a vascular 
prosthesis also result in reduced platelet adhesion and a 
decreased amount of thrombus formation at the inner 
surface. Typically, a vascular prosthesis having a 
constant pore size throughout the structure requires pre- 
clotting in order to avoid leakage through the pores of 
the prosthesis; however, pre-clotting tends to increase 
the risk of contamination of the prosthesis as well as 
create a risk for clots to break off and form emboli. 

Conventional tubular maypole (single layer) braided 
prosthesis have been tried in the past. However, due to 
their shortcomings, such prostheses have never been 
commercialized. One of the greatest disadvantages of a 
conventional tubular maypole braided prosthesis is the 
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scissoring action which occurs under conditions of blood 
flow. More specifically, as blood is pumped through the 
graft, the pressure within the graft increases and 
decreases concurrently with the pumping of the heart, 
causing the yarns forming the braid to scissor 
correspondingly with the expansion and contraction of the 
graft. This scissoring action by yarns of the 
conventional maypole braided grafts tends to shear tissue 
which is attempting to grow into the vascular graft, 
thereby hindering the natural healing process and 
assimilation of the graft into natural tissue. Contrary 
to such conventional structures, the present invention 
concerns structures which due to their three-dimensional 
character are dynamically more stable and less prone to 
scissoring. 

Yet another disadvantage of presently available woven 
or conventional tubular maypole braided prostheses is that 
sutures easily pull out making it difficult to attach the 
prosthesis to the existing body lumen and to prevent 
leakage at this junction. Also, since tubular prostheses 
are typically formed from a synthetic yarn in the form of 
a tube, the ends of the tube tend to easily ravel. This 
is true for single layered prostheses in general. Once 
the ends ravel or fray, suturing to the existing body 
lumen becomes extremely difficult. These difficulties 
explain the reason that these single layered braids have 
not been commercialized. 

Accordingly, it would be advantageous to provide a 
new and improved soft tissue prosthesis that overcomes the 
previously -described disadvantages associated with 
presently available prostheses. More specifically, it 
would be particularly desirable to have a prosthesis which 
has the following characteristics: controlled porosity; 
ravel and fray resistance; a radially self-supporting 
structure to prevent kinking and collapsing of the 
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prosthesis; and longitudinal compliance for ease of 
implantation and sizing. 

SUMMARY OP THE INVENTION 

5 

The present invention addresses the problems 
associated with the prior art and provides a soft tissue 
prosthesis in the form of a three-dimensional braided 
structure preferably made from a synthetic material. The 

10 three-dimensional braided structure of the present 

invention is preferably a multi-layered braid, although a 
solid three-dimensional braided structure may also be 
formed. In the preferred embodiment, the braid includes a 
plurality of layers in which at least one strand of each 

15 layer extends into an adjacent or contiguous layer to 

interlock the adjacent layers; however, a graft may be 
formed in which the layers are interlocked by means other 
than by part of the braid itself. For example, the layers 
may be adhesively laminated, separately sewn together or 

20 otherwise connected to prevent separation. Preferably, 

the multi-layered braid of the present invention includes 
from two to about ten layers. The number of layers will 
depend on a number of factors such as the particular 
application involved, denier of yarns used and the 

25 strength of the yarn. The interlocking of the layers in 

the preferred embodiment helps to prevent separation or 
movement of the layers in relation to each other. 
Additionally, to enhance resistance to ravelling or 
fraying, at least one of the layers or yarns included in 

30 the three-dimensional braided structure may be formed from 

a fusible material, such as a thermoplastic material, 
which may be subsequently heated to integrally bond or 
fuse the layer or contiguous yarns into the braided 
structure. 

35 

The braids of the present invention may be used in a 
wide variety of applications for replacement of or in 



WO 94/06373 



PCT/US93/08658 



-5- 

support of body lumens. For example, vascular grafts are 
among the most notable applications, but other lumens such 
as esophagical, intestinal, urethra, bile ducts and the 
like are contemplated. The term "soft tissue 91 prosthesis 
is intended to cover all such applications. 

Among the vascular prosthesis areas which are 
specifically contemplated include, A-V access shunt grafts 
used for dialysis, small diameter (3-10 mm) peripheral 
grafts, tapered grafts, aortic arch grafts, dilatible 
pediatric grafts and vein grafts. 

The three-dimensional braid of the present invention 
is preferably formed from synthetic materials, which are 
preferably thermoplastics. The thermoplastic may be 
chosen from a variety of usable thermoplastics which 
include, but are not limited to polyesters, 
polypropylenes, polyethylenes, polyurethanes and 
polytetrafluoroethylenes. The thermoplastic yarns may 
have a denier from about 20 to about 1000, and preferably 
from about 40 to about 300, whereby the smaller the denier 
the finer the yarn. Alternatively, the synthetic material 
may be in the form of rovings, tapes or other stranded 
materials. If yams are used they may be multifilament, 
monofilament or spun type. Multifilaments are preferred. 
In applications where enhanced crush resistance is 
desired, the use of monofilaments may be effective in 
achieving this end. The yarns can be in the form of any 
conventional configuration, such as flat (untwisted) , 
twisted, textured or pre-shrunk. 

The prostheses of the present invention may be formed 
from a mixture of different yarns or the layers themselves 
may be formed from a single type of yarn. This 
determination will largely be a matter of choice as to the 
intended application and desired properties of the 
prosthesis. It is also contemplated that bioabsorbable 
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materials, such as poly (glycoiic acid), poly (lactic 
acid), polydioxanoes, polyoxalates, poly (a-esters), 
polycarbonates, polyanhydr ides , poly acetals, 
polycaprolactones, poly (orthoesters) , poly amino acids, 
polyurethanes , polyiminocarbonates, polyamindes, poly 
(alkyl cyanoacrylates) , sebacic acid, polyethylene glycol, 
polyphosphazene, bis (p-carboxyphenoxy) propane, bis (p- 
carboxyphenoxy) methane and copolymers and mixtures 
thereof may be used as yarns to form a part of the three- 
dimensional braid. Yarns made from these materials are 
intended to be broken down and absorbed into the body, 
thereby leaving a void or pore behind in the prosthesis. 
Therefore, in an embodiment using bioabsorbable yams, the 
porosity of the prosthesis can be varied and controlled in 
accordance with a particular absorption rate of the 
bioabsorbable material. 

The type of yarn, the number of layers, the heat-set 
conditions and the angle at which the braid is formed 
determines the longitudinal flexibility and radial 
compliance of the vascular graft of the present invention. 
It should be noted that in the preferred embodiment, each 
layer of the multi-layered braid may be formed from a 
different synthetic yarn to accomplish different 
structural and functional characteristics required for the 
intraluminal and extraliminal surfaces of the prosthesis. 

Generally, prostheses are designed to balance the 
longitudinal stretch, the kink resistance and the crush 
resistance of the structure for the particular application 
of the prosthesis. The longitudinal stretch of the 
prosthesis may be from about 5-50% of the unstressed 
length of the prosthesis, and preferably is about 10-25%. 
The longitudinal stretch of the prosthesis is directly 
related to the kink resistance or flexibility of the 
prosthesis, i.e., the greater the longitudinal stretch, 
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the more kink resistant. Kink resistance can be defined 
as a ratio of the bending radiu? to the radius of the 
prosthesis. Typically, the kink resistance is not more 
than a 10:1 ratio , and preferably is less than about 5:1. 
The degree of crush resistance needed in the prosthesis 
depends upon the application. In some circumstances it is 
important that the crush resistance be high, while in 
other applications the crush resistance may be a minimal 
factor. 



In an alternative embodiment, axial yarns may be 
added to the braided structure to control the amount of 
longitudinal or axial stretch. The axial yarns may be 
included in any single layer or in each layer of the braid 
and may be formed from any number of types of yarn 
(monofilament, multifilament, fine denier or heavy denier) 
depending upon the application of the prosthesis being 
formed. The axial yarns also help to reduce scissoring of 
the yarns under conditions of pressure increases and 
20 reductions within the lumen of the prosthesis by 

controlling the amount of longitudinal stretch of the 
prosthesis. The axial yarn reduces the scissoring effect 
of the yarns by limiting the angle of the braided yarns 
from dropping below a chosen braid angle measured in 
25 relation to the longitudinal axis of the braided 

structure, for example, 54.5° which is the neutral angle 
for pressure vessels. 



The soft tissue prosthesis of the present invention 
provides a method for controlling the permeability or 
porosity at each layer of the prosthesis to correspond to 
the requisite characteristics. In the preferred 
embodiment, the prosthesis formed in accordance with the 
present invention includes relatively small pores at the 
35 intraluminal surface and relatively large pores on the 

outer surface. The intraluminal surface is substantially 
smooth and preferably has a small porosity to prevent 
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blood leakage as veil as to reduce excessive thrombus from 
forming on the intraluminal surface of the prosthesis. 
The outer surface preferably has a high porosity to 
promote ingrowth of connective tissue therethrough. The 
composite porosity from the intraluminal surface measured 
using a Wesolowski water permeability test should not 
exceed 100 ml/minute/ cm 2 . If a more porous prosthesis is 
formed, it may be treated, coated, or impregnated with 
materials such as collagen to make them leak resistant. 

Accordingly, a prosthesis may be formed in accordance 
with the present invention wherein the average pore 
diameter of the outer surface is larger than the pores 
formed on the intraluminal surface and the pore size 
changes progressively within the three-dimensional braided 
structure. The prostheses of the present invention may 
include a gradation or differential of properties between 
their intraluminal and outer surfaces. In a preferred 
embodiment, the pores of the three-dimensional braided 
structure form a tortuous path from the intraluminal 
surface to the outer surface of the prosthesis. 

The three-dimensional braided structure of the 
present invention also has the advantage of being radially 
self-sustaining. More specifically, the three-dimensional 
tubular braid is more kink resistant and crush resistant 
than conventional woven, knitted or conventional tubular 
maypole braided (single layer) prostheses of the past, 
most of which required external support and crimping. The 
prostheses of the present invention allow for a straight 
inner wall to be maintained, whereas a crimped prosthesis 
creates problems in body fluid flow, i.e., undesirable 
turbulence, and in deposition of material in the peaks and 
valleys of the crimp. The radially self-sustaining 
feature of the inventive structures makes them more 
desirable for use in prostheses having small diameters, 
and preferably, having a diameter of less than 10 mm and 
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in applications in the body where radial self -sustenance 
is of concern. 

As previously mentioned, the prostheses of the 
5 present invention are formed from a three-dimensional 

braided structure. In this regard, it is possible to form 
the prosthesis on a shaped article or mandrel. For 
example, it may be advantageous to form a prosthesis that 
is tapered in order to more closely match the two ends of 

10 the body lumen which it is replacing. Also, in a three- 

dimensional braiding process, it is possible to form 
bifurcations, trifuratiohs or multiple tubular structures. 
These structures may also be formed by joining a plurality 
of three-dimensional braided tubes by sewing or other 

15 appropriate means for attaching the braided structures. 

Additionally, a three-dimensional braid may be formed on a 
shaped mandrel or preform to correspond to the curvature 
of the body lumen being replaced. Preshaping a vascular 
prosthesis may be advantageous when replacing blood 

20 vessels such as the aortic arch, which have exaggerated or 

sharp bends. 

A suitable method of making prostheses in accordance 
with the present invention includes choosing a mandrel 

25 with an outside diameter corresponding to an inside 

diameter of a natural body lumen which is to be replaced 
and braiding a three-dimensional braided structure on the 
mandrel. In the multi-layered prosthesis, the layers can 
be braided one at a time, i.e., forming a completed layer 

30 and braiding over the completed layer to form the next 

layer, or several layers may be formed simultaneously. 
The three-dimensional structure is preferably heat- 
conditioned for a sufficient time and temperature to heat- 
set the material, preferably thermoplastic yarn, used to 

35 form the prosthesis. The braided structure may include a 

fusible component which when subsequently heated melts to 
enhance the ravel and fray resistance of the braid. In a 
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pref erred embodiment, the three-dimensional multi-layered 
braid includes a first or inner layer formed from a yarn 
having a fine denier, a second layer including a 
stiffening component, a third layer formed from a fusible 
component, and a fourth or outer layer formed to have a 
textured surface, i.e. a velour. In this embodiment, the 
textured outer surface may include relatively large pores 
to allow ingrowth of connective tissue into the graft and 
the intraluminal or first layer may include small pores to 
prevent fluid from leaking out of the prosthesis. The 
inner layer is also braided to provide a smooth, straight 
inner surface which enhances fluid flow and resists 
deposition of materials which may cause stenosis or 
occlusion. 

A preferred form of the three-dimensional braided 
structure, as well as other embodiments, features and 
advantages of this invention will be apparent from the 
following detailed description of illustrative embodiments 
thereof, which is to be read in connection with the 
accompanying drawings. 

BRIEF DESCRIPTION OP THE DRAWINGS 

Figure 1 is a cross-sectional view of a portion of a 
multi-layered interlocked three-dimensional braided 
prosthesis formed in accordance with the preferred 
embodiment of the present invention; 

Figure 2 is a perspective view of a tubular three- 
dimensional braided structure formed in accordance with 
the present invention; 

Figure 3 is a schematic illustration of a solid 
three-dimensional braid unit cell formed in accordance 
with one embodiment of the present invention; 
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Figure 4 is a photograph of an enlarged cross-section 
of a solid three-dimensional braided structure formed in 
accordance with one embodiment of the present invention; 

5 Figure 5 is a cross-sectional view of a portion of a 

solid three-dimensional braided structure formed in 
accordance with one embodiment of the present invention; 

Figure 6 is a cross-sectional view of a portion of a 
10 vascular graft formed in accordance with an alternative 

embodiment of the present invention; 

Figure 7 is a side elevational view of a compressed 
braided structure having axial yarns therein; and 



15 



20 



Figure 8 is a side elevational view of an elongated 
braided structure having axial yarns therein. 

DETAILED DESCRIPTION OF THE INVENTION 



The present invention is directed to a soft tissue 
prosthesis and, more specifically, to a three-dimensional 
braided structure. The prosthesis formed in accordance 
with the present invention overcomes many of the 

25 disadvantages of presently used conventional soft tissue 

prosthesis including controlling porosity throughout the 
tubular structure, forming a prosthesis which is 
longitudinally elastic as well as being ravel and fray 
resistant and able to hold sutures. As previously 

30 described, it is advantageous to design a prosthesis that 

has characteristics closely resembling the properties of a 
natural body lumen. 

For purposes of this application, the term soft 
35 tissue prosthesis is defined as any artificial substitute 

for a natural body lumen such as a vein, artery, esophagus 
or a bile duct. Although some of the discussion in the 
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detailed description is directed to use as a vascular 
graft, it is envisioned that the three-dimensional tubular 
braided structure of the present invention can be useful 
as a prosthesis for any soft tissue body lumen. 
Naturally , the tubular braided structure would be designed 
to meet the specific requirements of the body lumen it is 
replacing. 

A multi-layered braided structure is defined as a 
structure formed by braiding wherein the structure has a 
plurality of distinct and discreet layers. These layers 
may be bound by interlocking yarns or by adhesive 
laminates, sewing, or the like. 

A solid three-dimensional braided structure is 
defined as a structure braided with no less than three 
braiding yarns which are continuously intertwined through 
the thickness of the braided structure. Solid braids are 
homogeneous in that all yarns are present throughout the 
thickness of the braid. These braids can be thought of as 
a series of plys which are integrally bound through the 
braid. 

An interlocking three-dimensional braid is defined as 
a braided structure having at least two layers, whereby a 
yarn is interbraided from a first layer into a contiguous 
second layer to interlock the layers of a multi-layered 
braid. 

A three-dimensional braided structure is defined as a 
braided structure formed in accordance with the definition 
of a multi-layered braid, a solid three-dimensional braid 
or an interlocking three-dimensional braid. 

In accordance with the present invention, the three- 
dimensional braid is preferably a multi-layered braid 
having an interlocking yarn between the layers of the 
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braid as illustrated in Figure 1. The interlocking yarn 
extends from one layer into another contiguous layer in 
order to interlock the layers together. 

5 Referring to Figure 1, the soft tissue prosthesis of 

the preferred embodiment of the present invention 
comprises four layers, 2, 4, 6 and 8, with each layer 
having at least one interlocking yarn from a contiguous 
layer. The interlocking yarns are braided into the 

10 structure so that the yarn forms part of a first layer, as 

well as being part of the contiguous layer by forming the 
interlock. Within each layer, a segment of the braid is 
formed by an interlocking yarn from a contiguous layer, 
the layers being interbraided together. The interlocking 

15 yarns couple the multiple layers together to form a three- 

dimensional braid. 

In Figure 1, the first layer 2 forms the outer layer 
of the interlocking three-dimensional braided structure. 

20 The outer layer is formed from a yarn 14 which is 

exclusively braided into the first layer along with a yarn 
12 which is interbraided into the second layer which is 
contiguous with the first layer and a yarn 16 which is 
interbraided from the second layer up into the first 

25 layer. The second layer 4 is formed from segments of four 

yarns 12, 16, 18 and 22 which are interbraided. 

The next contiguous layer 6 is formed from segments 
of four yarns 18, 22, 24 and 26 interbraided to form an 
30 inner layer in the multi-layered structure. Layer 8 is 

formed in similar fashion, having three yarns 24, 26 and 
28 which are interbraided. 

A braiding machine capable of forming the interlocked 
35 three-dimensional braid used to form the preferred 

embodiment of the present invention is described in 
International Patent Publication No. WO 91/10766, 
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incorporated herein by reference, which describes a 
braiding machine capable of forming a multi-layered braid 
having a yarn from one layer interlocking with a 
contiguous layer* This apparatus will be described later 
in greater detail. 

Figure 2 is a perspective view of a tubular three- 
dimensional braided prosthesis formed in accordance with 
the present invention. The prosthesis is in the form of a 
tube having an intraluminal surface 22 and an extraluminal 
or outer surface 24. The three-dimensional braid is 
formed to provide a balance of properties and give the 
longitudinal stretch, kink resistance or flexibility and 
crush resistance required for the particular application. 
The longitudinal stretch of the prosthesis may be from 
about 5-50% of the unstressed length of the prosthesis, 
and preferably is about 10-25%. The longitudinal stretch 
of the prosthesis has been found to be directly related to 
the kink resistance or flexibility of the prosthesis, 
i.e., the greater the longitudinal stretch, the more kink 
resistant the prosthesis. Kink resistance can be defined 
as a ratio of the bending radius to the radius of the 
prosthesis. Typically, the kink resistance is not more 
than about a 10:1 ratio, and preferably is less than about 
5:1. The crush resistance of the prosthesis depends upon 
the application. In some circumstances it is important 
that the crush resistance be high, while in other 
applications the crush resistance may be of minimal 
concern. 

Figure 3 illustrates a solid three-dimensional braid 
cell unit formed in accordance with an alternative 
embodiment of the present invention. The solid three- 
dimensional braid achieves a seamless, multi-layered tube 
by continuous intertwining of fibers. The braid cell unit 
illustrated in Figure 3 is the smallest unit showing the 
braid pattern. 
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Figure 4 is an enlarged cross-sectional view of a 
solid three-dimensional braided structure formed by 
continuous intertwining of the fibers. In a solid three- 
dimensional braid, every yarn is present in each layer. 
Typically, three-dimensional braiding machines used to 
form this type of solid braid include an array of fiber 
bobbins held in ring or track configurations. 
Circumferential motion of the array of bobbins to form the 
braid is accomplished by shifting slotted rings containing 
the fiber holders. Fibers are directed through the 
thickness of the braid by shifting the holders between the 
rings. Reversal of the direction of ring and hold motions 
during the shift cycle interlocks the fibers as 
illustrated in the cross-sectional view shown in Figure 5. 
Since every fiber undergoes a similar motion, all fibers 
become entwined in the balanced array as illustrated in 
Figures 4 and 5. 

In yet another embodiment of the present invention, a 
three-dimensional multi-layered braid may be formed from a 
plurality of individually and separately formed tubular 
braided layers which are adhesively laminated or sewn 
together in order to form a soft tissue prosthesis. The 
tubular layers must be concentric with respect to their 
mutual longitudinal axis. Figure 6 illustrates a cross- 
sectional view of a portion of a prosthesis formed from a 
plurality of braided layers adhesively laminated together. 
The graft as shown in Figure 6 includes four layers 52, 
54, 56 and 58 which are coupled together by an adhesive 
laminate 55 at points of contact between contiguous 
layers. Each layer may be formed from a type of yarn 
having characteristics most desirable to its positioning 
within the prosthesis. For example, when designing a 
vascular graft, the inner layer which forms the 
intraluminal surface is preferably braided to have a 
smooth surface and a low porosity to prevent leakage of 
blood and excessive thrombus formation. Conversely, the 
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outer surface is preferably braided to have a textured 
surface to enhance the ingrowth of connective tissue into 
the vascular graft, 

5 The textured outer layer of this embodiment may also 

be formed by warp-knitting to create the velour surface. 
A velour surface is created by a knitting technique 
described in U.S. Patent No. 4,193,137, entitled, "Warp- 
Knitted Double-Velour Prosthesis , M the disclosure of which 

10 is incorporated herein by reference. An outer layer or 

tube may be knitted having a thread which passes back and 
forth through a wall or trellis of the fabric. These 
loops constitute the velour or pile. The loops on both 
faces thereof is termed a double-velour fabric. The 

15 velour fabric or tube made of the fabric may be placed 

around a multi-layered braided tubular prosthesis to form 
the outer layer of the prosthesis. The velour fabric or 
tube may be adhesively laminated, separately sewn, or 
otherwise connected to the multi-layered braid of the 

20 present invention. Alternatively, a velour-textured yarn 

may be used in place of another yarn in the braid. 

The preferred embodiment of the interlocked three- 
dimensional multi-layered braid of the present invention 

25 includes between two and ten layers. Since the soft 

tissue prosthesis of the present invention is a multi- 
layered structure, a natural feature of such a structure 
is that it is ravel and fray resistant. Also, a multi- 
layered braided structure having interlocking yarns will 

30 hold a suture better than previously woven or knitted 

structures used for vascular grafts. The multi-layered 
braid of the present invention may also include at least 
one layer including a fusible material. The fusible 
material may be added to further prevent ravelling or 

35 fraying which may occur at the ends of the braid. In such 

an embodiment, the layer or portion of the layer which is 
formed from the fusible material, is heated to melt the 
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fusible layer onto the surrounding yarns thereby further 
enhancing the ravel and fray resistance of the braided 
structure and providing a more suitable structure for 
suturing to a natural body lumen. 

5 

A soft tissue prosthesis formed in accordance with 
the present invention may be formed from braiding elements 
including yarns, rovings, tapes or other stranded 
material. Some of the yarns may be bioabsorbable with 

10 other yarns being merely biocompatible. By utilizing non- 

woven tapes, such as spunbonded fabric slit into, for 
example, 1/16" widths, a microporous structure can be 
formed. The spunbonded tapes are also an excellent medium 
for suturing. In this regard, the spunbonded tape is 

15 readily pierced by a suture needle yet possesses high tear 

strength and positive anchoring. Since these tapes are 
very thin and narrow, layers of different yarns may be 
incorporated into the multi-layered braid to provide 
additional mechanical strength to the prosthesis. 

20 

As mentioned above, the three-dimensional braided 
. structure formed in accordance with the present invention 
may include one or more yarns formed from bioabsorbable 
materials. Suitable bioabsorbable materials include but 

25 are not limited to poly (glycolic acid) , poly (lactic 

acid) , polydioxanoes, polyoxalates, poly (a-esters) , 
polycarbonates, poly anhydrides, polyacetals, 
polycaprolactones, poly (orthoesters) , polyamino acids, 
polyurethanes, poly iminocarbonates , polyamindes, poly 

30 (alkyl cyanoacrylates) , sebacic acid, polyethylene glycol, 

polyphosphazene, bis (p-carboxyphenoxy) propane, bis (p- 
carboxyphenoxy) methane and copolymers and mixtures 
thereof, provided that these materials can be formed into 
a fiber suitable for use with the braiding apparatus being 

35 used. A bioabsorbable yarn may be used in either a single 

layer, in several different layers, or as several yarns 
within a solid three-dimensional structure to form a 
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prosthesis having an initial porosity different from the 
porosity once the bioabsorbable material has been absorbed 
into the body. Once absorbed, a void or pore remains in 
its place. This may be useful in designing a prosthesis 
having initially small pores to prevent leaking without 
the use of a sealant or pre-clotting and yet having a 
greater porosity to enhance ingrowth of connective tissue 
some time after implantation. 

Of particular usefulness in forming the three- 
dimensional prosthesis are the polyester materials sold 
under the Dacron brand name. In the preferred embodiment 
of the present invention, synthetic yarns are used to form 
the braided prosthesis. The yarns may be flat f twisted, 
textured or pre-shrunk. Preferably , the yarns are 
thermoplastic yarns. Thermoplastic yarns suitable for use 
in forming the vascular graft include, but are not limited 
to polyesters, polypropylenes , polyethylenes r 
polyurethanes and polytetraf luoroethylenes . The yarns may 
be of the multifilament, monofilament or spun type. 
Multifilaments are preferred, however, where enhanced 
crush resistance is desired, the use of monofilaments may 
be effective in achieving this end. 

Additionally, the yarn type and yarn denier for each 
layer are specifically chosen to meet the design 
requirements (porosity, flexibility and compliance) of the 
prosthesis, e.g. vascular graft being formed. Yarn denier 
denotes the linear density of the yarn (number of grams 
mass divided by 9,000 meters of length). Thus, a yarn 
having a small denier, e.g. 20, would correspond with a 
very fine yarn whereas a yarn having a large denier, e.g. 
1000, would correspond to a heavy yarn. The yarns used to 
form the braid of the present invention may have a denier 
from about 20 to about 1000, and preferably from about 40 
to about 300. 
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The type of yarn chosen and the denier of the yarn 
are important in order to form a prosthesis and, more 
specifically, a vascular graft having proper pore size. 
Porosity is important when designing a vascular graft 
5 because the intraluminal surface must have pores small 

enough to prevent the graft from leaking blood while the 
outer surface must have pores large enough to permit 
ingrowth of connective tissue and promote healing. Since 
a preferred embodiment of the present invention is a 

10 vascular graft having discrete layers , the designer of the 

graft can create a structure having different properties 
at each layer of the multi-layered braid. For example, 
the first or inner layer of the multi-layered vascular 
graft may be formed from a yarn having a fine denier and 

15 braided at a braid angle such that the intraluminal 

surface will be smooth and have a low porosity. The low 
porosity will prevent blood from leaking out of the 
vascular graft and the smooth intraluminal surface reduces 
excessive formation of thrombus- Conversely, the 

20 outermost layer of the vascular graft may be formed from a 

yarn having a larger denier and having a braid angle such 
that the surface is textured and has large pores. The 
high porosity of the outer surface permits connective 
tissue ingrowth into the vascular graft to promote 

25 healing. In the preferred embodiment, the composite 

porosity from the intraluminal surface to the outer 
surface measured using a Wesolowski water permeability 
test should not exceed 100 ml/minute/cm 2 . If a more porous 
prosthesis is formed, it may be treated, coated or 

30 impregnated with materials such as collagen to make it 

leak resistant. 

The layers between the outer and inner layers of the 
vascular graft may be formed so that the pore size changes 
35 progressively from layer to layer within the multi-layered 

braided structure. The pores of the multi-layered braided 
structure as well as the solid three-dimensional braided 
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structure preferably form a tortuous path from the 
intraluminal surface to the outer surface of the vascular 
graft of the present invention. Also, since the 
intraluminal surface of the graft can be made smooth and 
5 braided to have small pores to prevent leakage, the 

vascular graft of the present invention can be made so 
that it does not require a sealant, such as collagen, or 
to be pre-clotted prior to implantation. Thus, the 
vascular graft of the present invention may be 
10 manufactured ready-to-use unlike many woven or knitted 

conventional vascular grafts. 

Another advantage of the three-dimensional braided 
structure for use as a soft tissue prosthesis or vascular 

15 graft is that the structure can be formed to be radially 

self-supporting. The three-dimensional braided structure 
can also be formed to provide the desired degree of 
longitudinal flexibility and stretch by varying the braid 
angle at which the braid elements or components are 

20 braided. The flexibility and stretch of the graft is also 

determined by the type of yarn and the denier of the yarn 
selected to form the braided structure. Thus, the three- 
dimensional braid of the present invention provides a 
vascular graft having characteristics which closely 

25 resemble that of a natural blood vessel. Also, three- 

dimensional multi-layered and solid braided vascular 
grafts having small diameters (i.e., less than 10 mm) may 
be formed having enhanced crush and kink resistance. 
Presently, conventional grafts made without external 

30 support or without crimping and having diameters less than 

10 mm have not proven effective for use as a vascular 
graft since the graft tends to kink or crush, thereby 
restricting blood flow through the graft. Additionally, 
the prosthesis can be formed having a smooth, straight 

35 inner wall whereas if crimping is required, the inner wall 

forms peaks and valleys which creates problems in body 
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fluid flow and deposition of materials in the peaks and 
valleys of the crimp. 

The three-dimensional braided soft tissue prosthesis 
of the present invention may also be formed on a shaped 
mandrel in order to form a braid more closely resembling 
the length of soft body tissue being replaced. More 
specifically, the three-dimensional braid may be formed on 
a tapered mandrel or on a bent or curved mandrel to form a 
prosthesis. For example, if it is desired to replace the 
aortic arch, a vascular graft having an almost 90* bend 
will be required. It is possible to form a three- 
dimensional braided structure on a shaped mandrel which 
resembles the curvature of the aortic arch. The three- 
dimensional braid formed on the shaped mandrel provides a 
self-sustaining structure having an open lumen throughout 
the bend. Additionally, in a multi-dimensional braided 
structure, it is possible to form bifurcations, 
trifurcations or multiple tubular structures. This may be 
accomplished in a continuous process as the braided 
prosthesis is being formed, or by joining at least two 
three-dimensional braided tubes previously formed by 
sewing or other appropriate means for connecting the 
braided structures together to form a desired formation. 
Thus, a three-dimensional braided structure is more 
versatile in design than conventional woven, tubular 
maypole braided or knitted vascular grafts. 

In an alternative embodiment, axial yarns may be 
added to the braided structure to control the amount of 
longitudinal or axial stretch and thereby control the 
scissoring action of the yarns. The axial yarns also 
control or limit the longitudinal stretch of the 
prosthesis so that the surgeon does not hyper-extend the 
prosthesis beyond its intended range during the 
implantation procedure. As illustrated in Figure 1, the 
axial yarns 17 are longitudinally inserted within the 
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braided structure during the braiding process to form a 
triaxial structure. A triaxial structure has three yarn 
axes as opposed to a simple braided structure which is 
biaxial and has two yarn axes. 

Typically, the braided structure is formed having a 
braid angle from about 54.5* to about 90° with respect to 
the longitudinal axis of the braided structure, preferably 
about 54.5° to about 75° and, most preferably, from about 
54.5° to about 90°. The yarns of the braid tend to seek 
equilibrium at a braid angle of about 54.5°, which is the 
neutral angle for tubular vessels tinder pressure. Thus, 
when the braid angle is larger than the neutral angle, 
when pressure is exerted from within, for example due to 
fluid flow, the yarns will tend to scissor and to decrease 
the braid angle thereby elongating or stretching the 
braided structure in order to reach the neutral angle. 
Axial yarns 17 are added in some cases to limit the 
braided structure from stretching beyond a desired amount, 
and thereby significantly reducing the potential for 
scissoring action of the yams. This scissoring or 
shearing action is detrimental to the healing process. 
The scissoring action of the strands tends to prevent the 
tissue and blood vessels from filtrating the pores of the 
structure. 

Axial yarns used to limit the amount of longitudinal 
stretch in a braided prothesis may be formed from 
polyester, Teflon, polypropylene yarns or any other 
suitable material. Upon completion of the braiding 
process, the braided structure is preferably scoured to 
remove contaminants and subsequently heat-set. The heat- 
setting is preferably accomplished by compressing the 
braided structure onto a mandrel. The mandrel would be of 
greater diameter than the diameter of the braided 
structure. As illustrated in Figure 7, compressing the 
braid onto the mandrel causes the diameter causes the 
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diameter to increase, decreasing the length of the 
structure and causing the axial yarns 70 to slacken. 
Additionally, the angle of the braid becomes greater upon 
compression of the structure. The heat-setting process is 
5 dependent upon the types of yarns used to form the braid. 

After heat-setting, the braided structure would be 
able to stretch longitudinally until the axial yarns 70 
become fully extended as illustrated in Figure 8. The 
10 degree of stretch is controlled depending upon the 

geometry of the braid and the amount of compression during 
heat-setting. 

Additionally, an axial yarn may be dyed and inserted 
15 into the braided structure subsequent to or during the 

braiding process. A dyed axial yarn positioned in the 
outer surface of the prosthesis aids the surgeon during 
implantation to indicate whether the prosthesis is 
straight and not twisted during the procedure. 
20 Preferably, the dyed axial yarn is black in color, formed 

from 70 denier, 54 filament type 55A Dacron™ polyester, 
produced by Dupont. 

A three-dimensional, soft tissue prosthesis formed in 
25 accordance with the present invention may be formed by 

first choosing a mandrel with an outside diameter 
corresponding to an inside diameter of a natural body 
lumen which is to be replaced and thereafter braiding a 
three-dimensional braided structure onto the mandrel. The 
30 braided structure is preferably scoured at 80° C in a water 

and detergent bath, and thoroughly rinsed, dried, and then 
rinsed in a hot water bath at about 70 °C to remove trace 
chemicals and dried. Subsequent to the scouring process, 
the braided structure is preferably heat-conditioned at a 
35 sufficient time and temperature to heat-set the synthetic 

material forming the prosthesis. Generally, heat- 
conditioning causes the graft to shrink slightly and 
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densify. The heat-conditioning parameters are chosen 
based upon the properties of the synthetic yarns being 
used to form the braided structure. Typically, heat- 
conditioning is carried out at a temperature range from 
about 125 °C to about 225 °C using a convection oven for a 
time of about 20 minutes. Naturally, any known means for 
heating the structure may be used. 

The soft tissue prosthesis and, more specifically a 
vascular graft formed in accordance with the preferred 
embodiment of the present invention preferably includes 
four layers made of thermoplastic yarns. The first layer 
or layers forming the intraluminal surface is preferably 
formed from a braiding element having a fine denier and 
braided to have a straight, smooth surface and small pores 
to prevent leakage of blood flowing through the vascular 
graft. A second layer in the multi-layered structure is 
preferably formed from a braiding element having 
stiffening properties. A third layer is preferably formed 
from a fusible component to further enhance the ravel 
resistance and fray resistance of the braided structure. 
A fourth or outer layer is preferably formed from a 
braiding element which provides the outer layer with a 
textured surface having relatively large pores to permit 
ingrowth of surrounding tissue into the vascular graft. 
Upon completion of the braiding process, the four layer 
braid formed in accordance with the present invention is 
preferably heat-conditioned to heat-set the thermoplastic 
yarns in position and to melt the fusible layer to be 
integrally formed into the braided structure. 

The specifications of the yarns which may be used to 
form a soft tissue prosthesis in accordance with the 
embodiments of the present invention are set forth in the 
following examples. These examples are presented for 
purposes of illustration only and are not intended to 
limit the scope of the invention. 
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fiXftmple I 

The first example refers to a 6mm tubular prosthesis 
formed from an interlocked three-dimensional, multi- 
layered braided structure. The prosthesis is preferably 
5 braided on a mandrel at a braid angle of about 54.5°. The 

prosthesis includes four interlocked layers made from a 
variety of yarns. The first or inner (intraluminal) layer 
is formed from polyethylene terephthalate (PET) polyester 
yams, 50 denier, flat, 48 filaments having 48 ends (ends 

10 refer to the number of carriers within the braiding 

machine) . The second layer is formed having a fusible 
component. More specifically, this layer includes a 40 
cotton count (spun) Cellbond 111 fusible yarn having 12 ends 
and a 50 denier, flat, PET polyester yarn having 48 ends. 

15 Cellbond 1 * is a biocomponent yarn which has a core and 

sheath, whereby the sheath has a different melting 
temperature than the core. The third layer is formed from 
a 3 mil diameter PET monofilament yarn having 48 ends. 
This yarn provides the braided prosthesis with a 

20 stiffening component. The fourth (outer) layer is formed 

of PET polyester 50 diener, textured, 48 filament yarn 
with 48 ends. Upon completion, the braided structure is 
cleaned or scoured and subsequently heat-conditioned in a 
convection oven at about 175 °C for about 20 minutes to 

25 melt the fusible component and heat-set the PET polyester 

yarns. 

Example 2 

The second example refers to a 6mm tubular prosthesis 
30 formed from a three-dimensional, multi-layered interlocked 

braided structure having axial yarns. The structure is 
preferably braided on a mandrel and includes four layers. 
The axial yarns may be placed in all the layers or in a 
single layer. In this example, the axial yarns are placed 
35 in the third layer. The first or inner layer is formed 

from 50 denier, 48 filament, flat PET polyester having 48 
ends. The second layer includes a fusible component 
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fonned from 40 cotton count Cellbond™ yarn having 12 ends 
and a 50 denier, flat PET polyester yam having 36 ends. 
The third layer includes 24 ends of axial yarns formed 
from 50 denier, textured PET polyester and a stiffening 
component made from 3 mil diameter PET monofilament yarn 
having 48 ends. The fourth or outer layer is formed from 
a 50 denier, 48 filament, textured PET polyester yarn 
having 48 ends. Upon completion, the braided structure is 
cleaned or scoured and subsequently heat-conditioned in a 
convection oven at a temperature of about 175 °C for about 
20 minutes to melt the fusible component and heat-set the 
PET polyester yarns. 

Example 3 

The third example refers to a 6mm tubular prosthesis 
formed from a solid three-dimensional braided structure 
having six strands forming three plys which are 
interbraided through the thickness of the braid. The 
prosthesis is formed from 50 denier, 48 filament, textured 
PET polyester yarn on each carrier in the machine, for a 
total of 144 ends (48 ends per pair or set of yarns) . 
Upon completion of the braid, the structure is cleaned and 
subsequently heat-conditioned in a convection oven at 
temperature of about 175 °C for about 20 minutes to heat 
set the PET polyester yarns. 

Example 4 

The fourth example refers to a 6mm tubular prosthesis 
formed from a solid three-dimensional braided structure as 
described in Example 3, further including axial yarns. 
The braided structure includes 24 axial yarns of 70 
denier, 54 filament, Type 55A Dacron textured PET 
polyester. The axial yarns are positioned in the center 
of the solid three-dimensional braid as illustrated in 
Figure 5, reference numeral 52. Once again, this 
structure is preferably cleaned and subsequently 
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heat-conditioned in a convection oven at a temperature of 
about 175° for about 20 minutes to heat-set the PET 
polyester yarns. 

5 Example ? 

The fifth example refers to a 6mm tubular prosthesis 
formed from a laminated or fused multi-layered three- 
dimensional structure. Each layer is formed from a two- 
dimensional braid which is bonded to its contiguous layer 

10 to form the three-dimensional braided structure. Thus, 

the first layer is braided over a mandrel, the second 
layer is braided over the first layer, the third layer is 
braided over the second layer and the fourth layer is 
braided over the third layer. Each layer is preferably 

15 braided having a braid angle of about 54.5*. The first or 

inner layer is formed from 50 denier, 48 filament, flat 
PET polyester having 48 ends. The second layer includes a 
fusible component and is formed from 24 ends of 40 cotton 
count Cellbond* along with 24 ends of 50 denier, textured 

20 PET polyester. The third layer is braided having a 

stiffening component and a fusible component. The third 
layer includes 24 ends of 40 cotton count Cellbond 1 " along 
with 24 ends of 3 mil diameter, monofilament PET 
polyester. The fourth or outer layer is formed from 48 

25 ends of 50 denier, 48 filament, textured PET polyester 

yarn. Thus, the fusible component is present on the inner 
layers (second and third layers) to bond the four braided 
layers together to form the three-dimensional structure. 
The three-dimensional structure is then cleaned and 

30 subsequently heat conditioned in a convection oven at a 

temperature of about 175 °C for about 20 minutes to melt 
the fusible component and heat set the PET polyester 
components • 

35 a suitable apparatus for forming a solid three- 

dimensional braid in accordance with one embodiment of the 
present invention is disclosed in U.S. Patent No. 



WO 94/06373 



PCT/US93/08658 



-28- 

4 , 719, 837, entitled "Complex Shaped Braided structures." 
According to the braiding process disclosed in the above- 
referenced patent, the braided structure is formed by 
moving the braiding yarns in a repeating two-step pattern 
5 such that the braiding yarns follow diagonal paths through 

a multi-layered axial array of yarns that extend 
longitudinally in the structure. Each of the braiding 
yarns pass completely through the array before reversing 
at a point outside of the array. The structure formed by 
10 this type of braiding machine is illustrated in Figures 3, 

4 and 5. 

A suitable apparatus for forming a tubular 
interlocking multi-layered three-dimensional braid in 

15 accordance with the preferred embodiment of the present 

invention is disclosed in the specification as published 
under International Patent Publication No. WO 91/10766. 
According to the braiding apparatus and method for forming 
the braid disclosed in the above-referenced publication, a 

20 braided structure is formed having a plurality of 

interlocked layers. The apparatus for producing such a 
braided object incudes: a two-dimensional array of 
rota table horn gears in toothed engagement; a driving 
means for driving said array, each horn gear being 

25 arranged to rotate in a direction contrary to each 

interengaging gear; track means overlaying said array; and 
a plurality of yarn package carriers movable along said 
track means by said horn gears. The track means includes 
a plurality of track modules which together define a 

30 plurality of serpentine paths extending in a first 

direction and in which selected track modules include at 
least one cross-over path section extending in a second 
direction between one serpentine path and the next 
adjacent serpentine path to cause or allow the package 

35 carriers to move between adjacent serpentine paths to 

effect interbraiding of yarns between adjacent layers. 
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The braided structure formed by this machine is 
illustrated in Figure 1. 

In order to form the laminated multi-layered braided 
structure, any known two-dimensional conventional braiding 
machine may be used. Each layer of the structure is 
braided on top of its contiguous layer to form the three- 
dimensional structure as illustrated in Fig. 6. As 
previously described, the layers of this structure are 
bonded together by any known technique. 

Although the illustrative embodiments of the present 
invention have been described herein with reference to the 
accompanying drawings, it is to be understood that the 
invention is not limited to those precise embodiments, and 
that various other changes and modifications may be 
effected therein by one skilled in the art without 
departing from the scope or spirit of the invention. 
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mr is ciaimed is : 

1. A soft tissue tubular prosthesis having an 
intraluminal and extraluminal surface, comprising: 

a three-dimensional braided structure. 

2. A prosthesis as described in claim 1, wherein 
the three-dimensional braided structure comprises multiple 
layers having interlocking yarns between contiguous layers 
of the braid. 

3. A prosthesis as described in claim 1, wherein 
the three-dimensional braided structure comprises a solid 
three-dimensional . braid . 

4. A prosthesis as described in claim 1, wherein 
the three-dimensional braided structure comprises at least 
a first and second two-dimensional braided layer, said 
second layer being braided over said first layer to form a 
three-dimensional structure. 

5. A prosthesis as described in claim 4, wherein 
the first and second layer are mechanically bound 
together. 

6. A prosthesis as described in claim 1, wherein 
the three-dimensional braided structure is a radially 
self-sustaining structure. 

7. A prosthesis as described in claim 1, wherein 
the three-dimensional braided structure is formed from a 
synthetic material. 

8. A prosthesis as described in claim 7, wherein 
the synthetic material comprises a thermoplastic polymer. 
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9. A prosthesis as described in claim 2, wherein 
the three-dimensional braided structure includes two to 
ten braided layers. 

10. A prosthesis as described in claim 4, wherein 
the three-dimensional braided structure includes two to 
ten braided layers. 

11. A prosthesis as described in claim 1, wherein 
the intraluminal surface has a low porosity. 

12. A prosthesis as described in claim 1, wherein 
the extraluminal surface has a relatively high porosity to 
encourage ingrowth of surrounding tissue when implanted in 
a body. 

13. A prosthesis as described in claim 1, wherein 
the three-dimensional braided structure has a porosity as 
determined by water permeability less than about 100 
ml/minute/cm 2 . 

14. A prosthesis as described in claim 1, wherein 
the extraluminal surface includes pores having an average 
pore size larger than that of the intraluminal surface, 
said pore size changing progressively within the three- 
dimensional braided structure from the intraluminal 
surface to the extraluminal surface. 

15. A prosthesis as described in claim 14, wherein 
the pores form a tortuous path from the intraluminal 
surface to the extraluminal surface. 

16. A prosthesis as described in claim 1, wherein 
the three-dimensional braided structure comprises a 
bifurcated structure. 
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17. A prosthesis as described in claim 1, wherein 
the three-dimensional braided structure is formed on a 
shaped mandrel to form a correspondingly shaped braid. 

18. A prosthesis as described in claim 17, wherein 
the shaped mandrel is tapered. 

19. A prosthesis as described in claim 1, wherein 
the three-dimensional braided structure has a differential 
of properties between the intraluminal and extraluminal 
surfaces . 

20. A prosthesis as described in claim 1, wherein 
the braided structure is formed from fibers having a 
denier from about 20 to 1000. 

21. A prosthesis described in claim 1, wherein the 
three-dimensional braided structure is formed from at 
least one fusible component to enhance ravel resistance 
and fray resistance of the braid. 

22. A prosthesis as described in claim 1, further 
comprising at least one axial yarn inserted into the 
three-dimensional braided structure to control 
longitudinal extension of the prosthesis. 

23. A prosthesis as described in claim 22, wherein 
the axial yarn is colored to help prevent a surgeon from 
twisting the prosthesis during implantation. 

24. A method of making a tubular three-dimensional 
braided structure for use as a soft tissue prosthesis, 
comprising the steps of: 

choosing a mandrel with an outside diameter 
corresponding to an inside diameter of a natural body 
lumen to be replaced; 
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braiding a three-dimensional braided structure 
on said mandrel* 

25. A method as described in claim 24, further 
comprising the step of cleaning or scouring the three- 
dimensional braided structure* 

26. A method as described in claim 24, further 
comprising the step of heating the tubular three- 
dimensional braided structure at a sufficient temperature 
and time to heat set a synthetic material forming the 
braided structure. 

27. A method as described in claim 24, wherein the 
three-dimensional braided structure includes a stiffening 
component and a fusible component. 

28. A method as described in claim 27, further 
comprising heating the three-dimensional braided structure 
to melt the fusible component to integrally bond the 
braided structure. 

29. A method as described in claim 24, wherein the 
three-dimensional braided structure is a radially self- 
sustaining structure. 

30. A prothesis as described in claim 1, wherein the 
three dimensional braid is impregnated with collagen to 
make the braid leak-resistant. 
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AMENDED CLAIMS 

[received by the International Bureau on 18 February 1994 (18.02.94); 
original claims 1-30 replaced by amended claims 1-30 (5 pages)] 

1. A prosthetic device, comprising: 

an implantable three-dimensional tubular braided 
structure wherein said braided structure is selected from the 
5 group consisting of a multi-layered braided structure and a 

solid braided structure, and 

wherein said structure has an inner fluid contacting 
surface and an outer tissue contacting surface, and 

wherein said inner surface has a porosity sufficient 
10 to discourage leakage of fluid therethrough and said outer 

surface has a porosity sufficient to allow growth of tissue 
therein. 

2. The device according to Claim 1, wherein both said 
outer and inner surfaces include pores, and wherein the 
average pore size on said outer surface is greater than the 
average pore size on said inner surface. 

3. The device according to Claim 2, wherein said pores 
form a tortuous path from said inner surface to said outer 
surface. 

4. The device according to Claim 3, wherein said 
implantable three-dimensional tubular braided structure has a 
porosity as determined by water permeability of less than 
about 100ml /minute/cm 2 . 

5. The device according to Claim 3, wherein said 
implantable three-dimensional tubular braided structure is 
impregnated with a leak-resistant material. 

6. The device according to Claim 5, wherein said leak- 
resistant material comprises collagen. 
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7. The device according to Claim 1, wherein said 
implantable three-dimensional tubular braided structure 
includes from two to ten braided layers; and 

wherein said layers are formed from non-homogenous 
materials whereby said layers have differing physical 
properties. 

8. The device according to Claim 1, wherein said 
implantable three-dimensional tubular braided structure 
includes from two to ten braided layers; and 

wherein at least one of said layers includes a 
fusible yarn which may be subsequently heated to integrally 
bond said implantable three-dimensional tubular braided 
structure whereby ravel and fray resistance is improved. 

9. The device according to Claim 1, wherein said 
implantable three-dimensional tubular braided structure 
includes from two to ten braided layers; and 

wherein at least one of said layers includes an 
axial yarn to control longitudinal extension of said device. 

10 ♦ The device according to Claim 9, wherein said axial 
yarn is colored to provide a visual indication of twisting 
during implantation of said device. 

11. The device according to Claim 1, wherein said 
implantable three-dimensional tubular braided structure is 
formed from a synthetic material. 

12. The device according to Claim 11, wherein said 
synthetic material comprises a thermoplastic polymer. 

13. The device according to Claim 1, wherein said 
implantable three-dimensional tubular braided structure is 
formed from yarns having a denier of from about 20 to about 
1000. 
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14. The device according to Claim 13, wherein said yarns 
have a denier of from about 40 to about 300. 

15. The device according to Claim 13, wherein said 
inner surface is formed from a fine denier yarn and said 
outer surface is formed from a heavy denier yam. 

16. The device according to Claim 15, wherein said inner 
surface is smooth to reduce excessive formation of thrombus. 

17. The device according to Claim 1, wherein said 
implantable three-dimensional tubular braided structure is 
formed with a braid angle of from about 54.5° to about 75°. 

18. The device according to Claim 17, wherein said braid 
angle is about 54.5°. 

19. The device according to Claim 1, wherein said 
implantable three-dimensional tubular braided structure is 
formed with a longitudinal stretch of from about 5 to about 
50%. 

20. The device according to Claim 19, wherein said 
longitudinal stretch is from about 10 to about 25%. 

21. The device according to Claim 1, wherein said multi- 
layered braided structure includes layers which are adhesively 
laminated together. 

22. The device according to Claim 1, wherein said multi- 
layered braided structure includes layers which are sewn 
together. 

23. The device according to Claim 1, wherein said 
implantable three-dimensional tubular braided structure is 
a vascular graft sized and dimensioned to match a damaged 
blood vessel removed from an individual. 
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24. The device according to Claim 23, wherein said 
implantable three-dimensional tubular braided structure is 
tapered. 

25. The device according to Claim 23, wherein said 
implantable three-dimensional tubular braided structure is 
bifurcated. 

26. The device according to Claim 1, wherein said 
implantable three-dimensional tubular braided structure 
includes first, second, third and fourth layers; and 

wherein said first layer forms said inner surface 
and includes a fine denier yarn for providing said inner 
surface with smooth low-porosity characteristics; and 

wherein said second layer includes an element for 
imparting stiffening properties to said implantable three- 
dimensional tubular braided structure; and 

wherein said third layer includes a fusible 
component which may be subsequently heated to integrally bond 
said layers whereby ravel and fray resistance is improved; and 

wherein said fourth layer forms said outer surface 
and includes a heavy denier yarn for providing said outer 
surface with textured high-porosity characteristics* 

27. A method of manufacturing a prosthetic device, 
comprising: 

providing a mandrel having an outside diameter 
corresponding to an inside diameter of a natural body lumen to 
be replaced; 

braiding a three-dimensional structure on said 
mandrel, said structure being selected from the group 
consisting of a multi-layered braided structure and a solid 
braided structure; and 

scouring and rinsing said structure in at least one 

bath. 
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28. The method according to Claim 27, wherein said 
braided structure includes a synthetic material; and 

further comprising the step of heating said braided 
structure to a sufficient temperature and for a sufficient 
period to time to heat-set said synthetic material. 

29. The method according to Claim 27, wherein said 
braided structure includes a fusible component; and 

further comprising the step of heating said braided . 
structure to a temperature sufficient to melt said fusible 
component whereby said structure is integrally bonded. 

30. A method of repairing a tubular vessel in a patient's 
body, comprising: 

removing a damaged portion of said tubular vessel 
from said patient's body; 

braiding a three-dimensional structure on a mandrel 
having an outside diameter corresponding to the inside 
diameter of said tubular vessel to provide a prosthesis, said 
structure being selected from the group consisting of a multi- 
layered braided structure and a solid braided structure; 

positioning said prosthesis into the region of said 
vessel from which said damaged portion was removed; and 

securing each end of said prosthesis to a respective 
end of said vessel whereby a continuous fluid pathway is re- 
established along said vessel. 
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